Aims/hypothesis. The mechanisms by which glucose injures cells of the cardiovascular system include generation of reactive oxygen species and induction of cellular apoptosis. To date, little is known about the molecular events of hyperglycaemia-induced apoptosis in the heart in vivo. Methods. Male Sprague-Dawley rats were rendered diabetic by a single intraperitoneal injection of 60 mg/kg body weight streptozotocin. Caspase activities in cardiac ventricular tissue were determined using fluorometric and immunoassay caspase-activity assay kits respectively. Expression levels of proteins of the apoptotic cascade were determined with western blot analyses using specific antibodies. Results. Four weeks of hyperglycaemia induced significant apoptosis in cardiac tissue. Determining the initiators of death-receptor-dependent apoptosis revealed induction of CD95/Fas and caspase-8. Examination of the activities of effector caspases revealed increased activity of caspase-6, but not caspase-3 and -7. On evaluating inhibitors of apoptosis, we found up-regulation of caspase-3 and -7-inhibiting X-linked inhibitors of apoptosis in diabetic rats. Hyperglycaemia also induced significant mitochondrion-dependent apoptosis. Our evaluation of expression levels of Bcl-2 family members showed increased expression of pro-apoptotic Bak and Bax in diabetic rats. Antioxidative treatment with lipoic acid significantly suppressed apoptosis and down-regulated caspase-6, -8 and -9 activity, as well as expression levels of proapoptotic Bcl-2 proteins without changing blood glucose levels. Conclusions/interpretation. The present study indicates that reactive oxygen species induced by high glucose are involved in both death-receptor-and mitochondrion-dependent apoptosis in the heart in vivo. It also suggests that antioxidants may be a therapeutic option for preventing cardiovascular damage in diabetes mellitus in humans.
Introduction
Cardiovascular disease is one of the major complications of diabetes mellitus, resulting in a high percentage of morbidity and mortality and producing significant costs for the healthcare system [1] . The mechanisms of hyperglycaemia-related damage of the cardiovascular system are multifactorial and still not known in detail.
However, there is considerable evidence that hyperglycaemia results in the generation of reactive oxygen species (ROS), leading to increased oxidative stress and cellular damage [2, 3] . Hyperglycaemia than 11.1 mmol/l. After 4 weeks of hyperglycaemia rats were killed and the heart was removed. Finally, the left ventricle was cut out, washed in NaCl 0.9% solution in order to remove peripheral blood contamination, snap-frozen in liquid nitrogen and stored below −70°C for subsequent protein extraction.
Antioxidative treatment. Antioxidative treatment was carried out using α-lipoic acid, a naturally occurring antioxidant [14] . Lipoic acid has been shown to quench free radicals, prevent singlet oxygen-induced DNA damage, exhibit chelating activity, reduce lipid peroxidation, increase intracellular glutathione levels and prevent glycation of serum albumin [14] . As our group has recently shown [15] , lipoic acid can reduce oxidative stress, reverse imbalances of inducible nitric oxide synthase and endothelial nitric oxide synthase expression and attenuate increased tissue cyclic GMP activation in the animal model of diabetes used in the present study.
In the treatment group, diabetic rats received intraperitoneal injections of α-lipoic acid 100 mg/kg 5 times a week for a period of 4 weeks, starting 5 days after the diagnosis of diabetes.
Caspase activity assays. Fluorometric caspase-activity assay kits (Biocat, Heidelberg, Germany) for caspase-6, -8 and -9 and CaspSELECT caspase immunoassay kits (fluorometric immunosorbent enzyme assay) for caspase-3 and -7 (Biocat) were used for specific and quantitative determination of caspase activity. Tissue homogenates were washed, pelleted and lysed according to the manufacturer's instructions and transferred to 96-well microtitre plates. Samples were then incubated for 2 hours or over night with the supplied, specific 7-amido-4-trifluoromethyl-coumarin (AFC) conjugated caspase substrates (VEID-AFC for caspase-6, IETD-AFC for caspase-8, LEHD-AFC for caspase-9 and DEVD-AFC for caspase-3 and -7). Samples were previously captured by a monoclonal antibody in microtitre plates coated in anti-caspase-3/-7 (100 µl anti-caspase-3/-7 coating solution per well, incubated over night). Through this the substrates were cleaved proportionally to the amount of active caspase in the lysate, generating free AFC, which was measured fluorometrically (excitation wavelength: 400 nm, emission wavelength: 505 nm) in a multifunctional reader (Spectrafluor plus Tecan; Crailsheim, Germany). To calculate caspase activity, we used diluted AFC-standards to prepare a six-point calibration curve. First, each absorbance value of all standards was corrected by subtracting the value of the reagent blank, and the mean absorbance value for each standard was determined. Then, analyte concentration was calculated as arbitrary units by correlating its absorbance with the mean absorbance of the standards. The broad-spectrum caspase inhibitor zVAD-fmk (Enzyme Systems Products, Dublin, Calif., USA) was used at a concentration of 50 µmol/l following the manufacturer's instructions.
Western blot analyses. Tissue homogenates were lysed and fractionated by SDS-PAGE (6-15% gradient gels) and proteins were transferred to a nitrocellulose membrane using an electroblotting apparatus (Bio-Rad, Hercules, Calif., USA) and standard protocols. The membrane was blocked overnight with a 5% non-fat, dried milk and subsequently incubated with the primary antibody (as specified below). Unbound antibody was removed by washing with Tris-buffered saline (pH 7.2) containing 0.05% Tween 20 (TBST). The membrane was then incubated with the secondary antibody (alkaline-phosphataseconjugated antibody; Promega, Madison, Wis., USA) for 2 h at room temperature. After extensive washing with TBST, proteins were detected upon addition of the development substrates (BCIP; 5-bromo-4-chloro-3-indolyl-phosphate/NBT; 4-nitro-blue-tetrazolium-chloride; Promega). For quantifica-causes oxidative stress by increasing production of mitochondrial ROS [4] , by glucose autoxidation [5] and by non-enzymatic glycation of proteins [6] . In addition, elevated NEFA contribute to increased oxidative stress due to increased mitochondrial uncoupling [7] and beta-oxidation [8] . Increased oxidative stress in turn leads to activation of stress-sensitive, potentially tissue-damaging signalling pathways, including: (i) increased de novo synthesis and accumulation of diacylglycerol and activation of protein kinase C; (ii) increased metabolism of glucose by the sorbitol pathway; (iii) regulation of stress-activated NF-κB, p38 MAPK, NH 2 -terminal Jun kinases/stress-activated protein kinases and AGE/receptor for AGE; (iv) relative or absolute changes in the production of inflammatory mediators and vasoactive substances such as cytokines, prostanoids and nitric oxide [3] respectively; and (v) cellular apoptosis [9] .
In the mammalian heart increased apoptosis is seen in conditions such as myocardial infarction, heart failure, hibernation and diabetic cardiomyopathy [10] . Although it is well documented that hyperglycaemia increases oxidative stress [2] and oxidative stress in turn is capable of activating apoptosis signalling pathways [11] , little is known to date about the molecular mechanisms of hyperglycaemia-induced apoptosis in the heart in vivo. Some evidence suggests that in hyperglycaemia apoptosis is induced in vitro by activating initiator caspases [12, 13] . However, hyperglycaemia-induced activation of the death-receptor-and mitochondrion-dependent apoptotic cascade respectively, as well as regulation of inhibitors of apoptosis (IAP) have yet to be determined in vivo.
Hypothesising that long-term hyperglycaemia induces apoptosis signal transduction pathways in diabetes mellitus in vivo, we elucidated markers of death-receptor-as well as mitochondrion-dependent apoptosis in the heart of diabetic rats. In addition, we hypothesised that oxidative stress is one major cause of induction of the apoptosis signal in transduction pathways in diabetes mellitus. To test this, we studied the effects of an antioxidative treatment on markers of apoptosis.
Materials and methods
Experimental animals. Male Sprague-Dawley rats weighing 250 to 300 g were purchased from Charles River (Sulzfeld, Germany). They were kept in our laboratory animal facility according to National Institutes of Health standards. Rats were rendered diabetic by a single intraperitoneal injection of 60 mg/kg body weight streptozotocin (Sigma Chemical, Deisenhofen, Germany) dissolved in 1 ml sodium citrate buffer at 4°C. Animals were checked for glucosuria with test strips (Diabur; Boehringer, Mannheim, Germany) and blood glucose was measured by the hexokinase method (Clinical System 700 Analyser; Beckman, Munich, Germany). Rats were considered diabetic if they tested positive for glucosuria on 2 consecutive days and the fasting plasma glucose concentration was greater tion, western blot gels were scanned and bands quantified by integrating intensity and area using a commercial computer program (SigmaGel; Jandel Scientific, Erkrath, Germany). Tubulin protein expression served as an internal control. (c) were increased in the heart of diabetic rats (n=6) compared to control rats (n=6; p<0.05). Antioxidative treatment of diabetic rats suppressed activities of these caspases to levels below those found in controls (n=6; p<0.05) Antibodies were purchased as follows: for cIAP-1, cIAP-2 and XIAP from R&D Systems (Minneapolis, Minn., USA); for Bcl-2 from DAKO A/S (Glostrup, Denmark); for Bak, Bax, p53, Daxx from Santa Cruz Biotechnology (Santa Cruz, Calif., USA); for poly(ADP-ribose) polymerase (PARP) from Roche Diagnostics (Mannheim, Germany); and for α/β-tubulin from Santa Cruz Biotechnology.
Statistics. All statistical operations were performed on a personal computer with the software program SigmaStat (Jandel Scientific). One-way ANOVA with Student-Newman-Keuls test was used to detect significant differences between the groups. Data are expressed as means ± SEM and a p value of less than 0.05 was considered statistically significant.
Results
Metabolic data. Blood glucose concentrations were significantly increased in diabetic rats (26.2±2.28 mmol/l; n=6) compared to control animals, which had 2 . Activities of caspase-3 (a) and caspase-7 (b) were not significantly affected by long-term hyperglycaemia in the heart of diabetic rats (n=6) compared to controls (n=6). In addition, no significant effect of antioxidative treatment (n=6) on activities of these caspases was found normal non-fasting blood glucose concentrations (5.99±0.33 mmol/l; n=6; p<0.01). Blood glucose concentrations in diabetic rats were not significantly affected by α-lipoic acid compared with untreated diabetic rats (25.36±1.78 mmol/l, n=6 vs 26.2±2.28 mmol/l, n=6; p=0.6).
Hyperglycaemia increased activities of caspase-6, -8 and -9 but not caspase-3 and -7, while antioxidative treatment prevented activation of caspase-6, -8 and -9.
Hypothesising that long-term hyperglycaemia resulted in activation of caspases, we investigated the activation of caspase-3, -6, -7, -8 and -9 respectively in the hearts of diabetic rats. Compared to control rats, hyperglycaemia led to increased activity of caspase-6 ( In addition, we hypothesised that oxidative stress may be one major mechanism of caspase activation. In order to test this hypothesis, diabetic rats were treated with antioxidants for 4 weeks. Antioxidative treatment induced a down-regulation of caspase-6 (17,275±1474; n=6; p<0.05), caspase-8 (8767±1353; n=6; p<0.05) and caspase-9 (18,981±1407; n=6; p<0.05). Interestingly, caspase activity in antioxidative-treated diabetic rats was below that observed in control rats. Activities of caspase-3 (20,105±844; n=6) and caspase-7 (20,724±883; n=6) remained unchanged in antioxidative-treated rats compared to control animals as well as untreated diabetic rats. Results for the activity of caspase-6, -8 and -9 are summarised in Figure 1 , results for caspase-3 and -7 in Figure 2 .
Hyperglycaemia increased expression levels of Bcl-2 family members, while antioxidative treatment prevented increased expression of pro-apoptotic Bcl-2 family members. Bcl-2 members are thought to transmit apoptotic signals and determine their intracellular effects by changes in the expression levels of pro-and anti-apoptotic family members. To elucidate the expression levels of Bcl-2 family members, we analysed Bak, Bax and Bcl-2. Hyperglycaemia (n=6) resulted in an increased expression of pro-apoptotic proteins Bak and Bax. Antioxidative treatment (n=6) in turn downregulated expression levels of Bak as well as Bax to the extent found in control animals (n=6). Expression levels of anti-apoptotic Bcl-2 were increased in diabetic rats compared to control animals, however the Fig. 3a-g . Expression levels of Bcl-2 family members. Upregulation of anti-apoptotic Bcl-2 (a, b) and pro-apoptotic Bak (c, d) and Bax (e, f) in diabetic rats (n=6) compared to controls (n=6). Antioxidative treatment (n=6) down-regulated expression levels of Bak as well as Bax to the extent found in controls. The highest levels of anti-apoptotic Bcl-2 were detected in the antioxidative-treated group. Tubulin expression (g) served as an internal control highest levels of Bcl-2 were detected in the antioxidative-treated group. Results for Bcl-2 family members are summarised in Figure 3 .
Hyperglycaemia increased expression levels of CD95 and p53 without significant effects of antioxidative treatment. Since engagement of CD95 initiates deathreceptor-mediated apoptosis, expression levels of CD95 were assessed. Figure 4 shows that hyperglycaemia (n=6) up-regulates CD95 compared to controls (n=6). Interestingly, antioxidative treatment (n=6) did not significantly alter expression levels of CD95.
The nuclear transcription factor p53 regulates transcription of pro-apoptotic genes and causes expression of inhibitors of survival-related proteins. As shown in Figure 4 , hyperglycaemia (n=6) up-regulates expression levels of p53 compared to controls (n=6). Again, antioxidative treatment (n=6) did not significantly alter expression levels of p53.
Hyperglycaemia increased expression levels of Daxx, while antioxidative treatment completely suppressed Daxx expression.
In this study, we found up-regulation of Daxx in the heart of diabetic rats (n=6), whereas expression of Daxx was nearly undetectable in control rats (n=6). Antioxidative treatment of diabetic rats (n=6) was associated with a complete suppression of Daxx expression. Results for Daxx are summarised in Figure 4 .
Antioxidative treatment suppressed PARP-1 cleavage product expression. Upon activation, caspases cleave numerous cellular proteins, including the DNA repair enzyme PARP. Cleavage of PARP by caspases generates an 85 M r protein, which is a marker of activated apoptosis. In this study, increased expression levels of the PARP-1 cleavage product were found in diabetic animals (n=6) compared to controls (n=6). Antioxida- Antioxidative treatment suppressed expression levels of inhibitors of apoptosis. IAP proteins confer protection from death-inducing stimuli. Hereby, XIAP, cIAP-1 and cIAP-2 are thought to directly inhibit certain caspases, namely caspase-3, caspase-7 and caspase-9 [16] . In addition, cleavage of XIAP by caspases generates a protein containing the BIR3-RING subunit. As outlined in Figure 5 , hyperglycaemia (n=6) led to an up-regulation of XIAP and the BIR3-RING fragment, whereas expression levels of cIAP-1 and cIAP-2 were only slightly greater than in controls (n=6). Interestingly, antioxidative treatment (n=6) was associated with a marked down-regulation of cIAP-1, cIAP-2, XIAP as well as the BIR3-RING fragment (Fig. 5) .
Discussion
Considerable evidence indicates that increased oxidative stress and induction of apoptosis may play an important role in the development of cardiovascular complications in diabetes mellitus [3] . Numerous studies also indicate that antioxidative treatment may prevent the development of coronary artery disease and diabetic cardiomyopathy [17, 18] .
Evidence for the existence of apoptosis in the human heart has been reported in various cardiac diseases, including ischaemic and non-ischaemic heart failure, myocardial infarction and arrhythmias [10] . Apoptosis of cardiac myocytes may contribute to pro- Fig. 5a-i . Expression levels of inhibitors of apoptosis. Whereas expression levels of cIAP-1 (a, b) and cIAP-2 (c, d) were only slightly increased compared to controls (n=6), XIAP (e, f) and BIR3-RING fragment (g, h) expression was up-regulated in the heart of diabetic rats. Antioxidative treatment (n=6) was associated with a marked down-regulation of cIAP-1, cIAP-2, XIAP, and of the BIR3-RING fragment. Tubulin expression (i) served as an internal control gressive pump failure, arrhythmias and cardiac remodelling. In experimental diabetes mellitus, the socalled diabetic cardiomyopathy is characterised by cardiac myopathy without coronary heart disease and no other causes of chronic heart failure. Accordingly, cell death by apoptosis is the predominant damage in diabetic cardiomyopathy [19] . Myocyte loss and hypertrophy of the remaining cells characterise the diabetic decompensated heart, mimicking other cardiac myopathies in humans and animals [20] . In one study [20] , diabetes progressively depressed ventricular performance in mice and in addition, diabetic mice lost 24% of their ventricular myocytes and showed a 28% myocyte hypertrophy.
In the present study, we demonstrated that hyperglycaemia significantly induces apoptosis in the heart of diabetic rats, consistent with earlier reports of myocyte loss in diabetic cardiomyopathy. Furthermore, antioxidative treatment completely suppressed markers of apoptosis, indicating an apoptosis-protecting effect of antioxidative treatment in hyperglycaemia. The antioxidant we used was α-lipoic acid, and we chose it because it has recently been shown that some endogenous antioxidants and phase-2 enzymes in cultured cardiomyocytes can be induced by lipoic acid at low micromolar concentrations in vitro, and that the lipoic-acid-mediated elevation of cellular defences is accompanied by an increased resistance to ROS-elicited cardiac cell injury [21] .
To further clarify the molecular basis of increased apoptosis in the heart of diabetic rats, we studied distinct apoptotic signalling pathways, namely deathreceptor-and mitochondrion-dependent apoptosis. We found that in hyperglycaemia death-receptor-dependent apoptosis triggering CD95 was activated, along with significant up-regulation of caspase-8, the major initiator caspase in death receptor signalling. Interestingly, while expression levels of CD95 were not affected by antioxidative treatment, activation of caspase-8 was completely suppressed by antioxidative treatment, even to levels below those found in controls. Our data thus suggest that hyperglycaemia, and as a result oxidative stress are pro-apoptotic stimuli in diabetes mellitus and antioxidative treatment can prevent activation of death receptor signalling, probably at the level of initiator caspases.
To further elucidate signalling pathways of the caspases cascade, we examined the activities of downstream effector caspases, namely caspase-3, caspase-6 and caspase-7 [22] . Somewhat surprisingly, we only found the activity of caspase-6 to be up-regulated in hyperglycaemia, whereas the activity of caspase-3 and caspase-7 remained unchanged. In addition, while the activity of caspase-6 was in turn completely suppressed by antioxidative treatment (again to levels below those found in controls), the activity of caspase-3 and caspase-7 was not affected by antioxidative treatment. This suggested that regulation of apoptosismodifying proteins may be responsible for the observed differences in caspase activities. We therefore determined the expression levels of IAPs, including XIAP, cIAP-1 and cIAP-2, which are potent inhibitors of cell death and also control activation of caspases [23] . Their protective effects are attributed to their ability to directly inhibit certain caspases, namely caspase 3 and caspase 7 respectively [24, 25] . We found that hyperglycaemia led to up-regulation of XIAP, possibly as an autoprotective anti-apoptotic measure of cells undergoing pro-apoptotic stimuli, whereas expression levels of cIAP-1 and cIAP-2 did not differ significantly between diabetic rats and controls. It is noteworthy that antioxidative treatment was associated with a marked down-regulation of cIAP-1, cIAP-2 and XIAP, as well as with the BIR3-RING fragment, reflecting decreased apoptosis and perhaps missing initiation and execution of pro-apoptotic transduction signals due to antioxidative treatment.
Through the cleavage of Bid, caspase-8 can also activate a second apoptotic pathway, the mitochondrial pathway [26] , via the activation of caspase-9 [27] . In this study, caspase-9 activity was significantly increased in the heart of diabetic rats compared to control rats, indicating that mitochondrion-dependent apoptosis was activated in hyperglycaemia. Interestingly, antioxidative treatment completely suppressed caspase-9 activation to levels below that measured in controls, suggesting that oxidative stress plays a crucial role in activating mitochondrion-dependent apoptosis via caspase-9. The events of mitochondrion-dependent apoptosis are controlled by the Bcl-2 family members, which either promote (Bax, Bak, Bad, Bid) or inhibit (Bcl-2, Bcl-xL) apoptosis [28] . In our study, we found a shift towards the expression of the proapoptotic proteins Bak and Bax in hyperglycaemia. Expression levels of anti-apoptotic Bcl-2 were also greater in diabetic rats than in controls, although the highest levels were found in antioxidative-treated rats. Interestingly, antioxidative treatment was associated with a significant down-regulation of pro-apoptotic Bak and Bax, and with an additional up-regulation of anti-apoptotic Bcl-2. Comparable to the activities profiles of initiator caspases, expression levels of proapoptotic Bcl-2 family members were even lower in the antioxidative-treated group than in control animals. Taken together, our data on expression levels of Bcl-2 family members and caspase-9 activity clearly indicate that in hyperglycaemia mitochondrion-dependent apoptosis is activated. They also indicate an apoptosis-protecting effect of antioxidative treatment.
Finally, our study strongly indicates an involvement of p53 in hyperglycaemia-induced apoptosis. Interestingly, antioxidative treatment of diabetic rats did not significantly alter expression of p53 in our experiments. These data are consistent with the results of another study demonstrating that ROS inhibitors failed to protect against activation of p53-mediated apopto-sis [29] . This suggests that additional factors beside increased oxidative stress may contribute to the upregulation of p53 expression in hyperglycaemia. Furthermore, the finding of significant caspase-9 regulation in our experiments implies that oxidative stress and in turn antioxidatives may act downstream of p53 activation in this context as described earlier [30] .
In 1997, a novel, ubiquitously expressed apoptosis signalling protein, termed Daxx, was described. This protein bound specifically to the Fas death domain [31] . Overexpression of Daxx enhanced Fas-mediated apoptosis downstream of Fas and activated the Jun N-terminal kinase pathway [32] . However, a role of Daxx in hyperglycaemia has not been documented yet. Our experiments suggest an apoptosis-promoting effect of increased Daxx expression, and in addition these findings support the idea that Daxx defines an apoptotic pathway that is downstream of Fas and sensitive to oxidative stress. In addition, because the Daxx apoptotic pathway has been found to be sensitive to Bcl-2 family members [31] , it is possible that regulation of Bcl-2 family members with up-regulation of pro-apoptotic Bak and Bax in diabetic rats and up-regulation of anti-apoptotic Bcl-2 in antioxidativetreated diabetic rats may have influenced Daxx expression.
In conclusion, this is the first study demonstrating the molecular events of hyperglycaemia-induced apoptosis in the heart in vivo and indicating that hyperglycaemia induces death-receptor-as well as mitochondrion-dependent apoptosis. Apoptotic myocyte loss could be an important mechanism contributing to progressive dilatation of the heart and development of diabetic cardiomyopathy in humans. Although the mechanistic link can only be shown by directly working with myocytes in culture, the study provides evidence that the main mechanism of hyperglycaemiainduced apoptosis in the heart may be the generation of reactive oxygen species. This may have important implications for the clinical management of diabetes mellitus in humans, and antioxidatives may be an important therapeutic option for preventing cardiovascular damage in diabetes mellitus.
